The newly discovered Shimensi deposit is a super-large tungsten-copper (W-Cu) deposit with a metal reserve of 742.55 thousand tonnes (kt) W and 403.6 kt Cu. The orebodies are hosted in Mesozoic granites, which intruded the poorly documented Shimensi granodiorite belonging to the Jiuling batholith, the largest intrusion (outcrop > 2500 km 2 ) in South China. Our new SHRIMP (Sensitive High Resolution Ion MicroProbe) zircon dating revealed that the granodiorite at Shimensi (ca. 830-827 Ma) was formed coeval (within analytical uncertainty) or slightly earlier than those in many other places (ca. 819-807 Ma) of the Jiuling batholith. The Neoproterozoic Shimensi granodiorite is peraluminous and high-K calc-alkaline, and contains low P content with no S-type trend (positive P 2 O 5 vs. SiO 2 correlation) displayed, thus best classified as peraluminous I-type. The I-type classification is also supported by the zircon REE patterns, largely (93%) positive εHf(t) (−0.87 to 6.60) and relatively low δ 18 O (5.8-7.7‰). The Neoproterozoic Shimensi granodiorite was formed after the continental arc magmatism (ca. 845-835 Ma), but before the post-collisional S-type granite emplacement (ca. 825-815 Ma) in the Jiangnan Orogen. Therefore, we propose that the Shimensi granodiorite was formed in a collisional/early post-collisional setting. The δ 18 O increase from the Shimensi granodiorite to many younger (ca. 819-807 Ma) granodiorites (6.0-8.5‰) in the Jiuling batholith probably reflects an increase of supracrustal rock-derived melts with the progress of collision. The Shimensi granodiorite contains low zircon Ce 4+ /Ce 3+ and Eu/Eu*, suggesting a relatively reducing magma that does not favor porphyry Cu-Au mineralization. This left a high background Cu concentration (avg. 196 ppm) in the Neoproterozoic granodiorite, which may have contributed to the Mesozoic W-Cu mineralization, when the granodiorite is intruded and assimilated by the Mesozoic granites.
Introduction
Northern Jiangxi in South China is a world-class tungsten province [1] [2] [3] [4] [5] [6] [7] , with its total metal resource estimated to be 4.0 million tonnes (Mt). The two super-large tungsten discoveries (Shimensi and Zhuxi) in recent years have highlighted significant potential of future prospecting in this region. Current exploration at the Shimensi W-Cu deposit has delineated a metal reserve of 742.55 thousand tonnes (kt) W at 0.195% and 403.6 kt Cu at 0.378% [8] , a figure that is likely to grow with further exploration. Previous research was mainly dedicated to the ore-forming Mesozoic granites [9] [10] [11] , whereas the Proterozoic granodiorite they intruded are rarely studied. Recently, Wei et al. [6] suggested that the copper-rich nature of Shimensi may have been associated with the Proterozoic granodiorite there, into which the Mesozoic granites intruded. In this paper, therefore, we present new data on the petrography, whole-rock geochemistry, together with zircon U-Pb age, trace element and Hf-O isotopes of the Proterozoic granodiorite at Shimensi. With these new data we discuss the petrogenesis and tectonic setting of the Shimensi granodiorite, as well as any metallogenic implications on the Mesozoic W-Cu mineralization.
Geological Background
The South China Block (SCB) is composed of the Yangtze block in the northwest, the Cathaysia block in the southeast, and the Jiangnan orogen in between ( Figure 1a ). The Jiangnan orogen was likely first formed during the Neoproterozoic when extensive arc magmatism occurred [12] [13] [14] [15] [16] [17] [18] . Basement rocks of the orogen are dominated by Neoproterozoic, greenschist-facies metamorphosed turbidites and minor arc volcanic rocks of the Shuangqioashan Group [19] . Extensive magmatism during the Neoproterozoic and Mesozoic in the Jiangnan orogen have generated numerous granitoids in the orogen [1, 18] . [4] ); and (b) Shimensi W-Cu orefield (modified after Gong et al. [20] ).
The Neoproterozoic Jiuling granodiorite batholith in the central Jiangnan orogen is the largest intrusion in South China (outcrop > 2500 km 2 ) , and is composed mainly of biotite-rich, cordieritebearing granodiorite [21] . The granodiorite intruded into the Shuangqiaoshan Group contains high W (27 ppm [22] , cf. 1 ppm (avg. continental crust) [23] ) and Cu (196 ppm [22] , cf. 25 ppm (avg. continental crust) [23] ) contents, and previous attempts to date the granodiorite yielded very different ages of ca. 807 ± 7 Ma [24] and 819 ± 9 Ma [25] . The Late Mesozoic porphyritic/fine-grained biotite granite and granite porphyry have emplaced into the Neoproterozoic granodiorite and Shuangqiaoshan Group metamorphic rocks [3, 4, 6, 21] , and were zircon U-Pb dated to be Late Jurassic to Early Cretaceous (ca. 153-130 Ma) [1, 4, 6, 11] . At Shimensi, both the Neoproterozoic Jiuling granodiorite (locally called the Shimensi granodiorite) and the Late Jurassic-Early Cretaceous granites are exposed (Figure 1b) , with the latter generally accepted to be W-Cu ore-forming ( Figure  2 ). [4] ); and (b) Shimensi W-Cu orefield (modified after Gong et al. [20] ).
The Neoproterozoic Jiuling granodiorite batholith in the central Jiangnan orogen is the largest intrusion in South China (outcrop > 2500 km 2 ) , and is composed mainly of biotite-rich, cordierite-bearing granodiorite [21] . The granodiorite intruded into the Shuangqiaoshan Group contains high W (27 ppm [22] , cf. 1 ppm (avg. continental crust) [23] ) and Cu (196 ppm [22] , cf. 25 ppm (avg. continental crust) [23] ) contents, and previous attempts to date the granodiorite yielded very different ages of ca. 807 ± 7 Ma [24] and 819 ± 9 Ma [25] . The Late Mesozoic porphyritic/fine-grained biotite granite and granite porphyry have emplaced into the Neoproterozoic granodiorite and Shuangqiaoshan Group metamorphic rocks [3, 4, 6, 21] , and were zircon U-Pb dated to be Late Jurassic to Early Cretaceous (ca. 153-130 Ma) [1, 4, 6, 11] . At Shimensi, both the Neoproterozoic Jiuling granodiorite (locally called the Shimensi granodiorite) and the Late Jurassic-Early Cretaceous granites are exposed (Figure 1b) , with the latter generally accepted to be W-Cu ore-forming ( Figure 2 ). The Neoproterozoic Jiuling granodiorite batholith in the central Jiangnan orogen is the largest intrusion in South China (outcrop > 2500 km 2 ) , and is composed mainly of biotite-rich, cordieritebearing granodiorite [21] . The granodiorite intruded into the Shuangqiaoshan Group contains high W (27 ppm [22] , cf. 1 ppm (avg. continental crust) [23] ) and Cu (196 ppm [22] , cf. 25 ppm (avg. continental crust) [23] ) contents, and previous attempts to date the granodiorite yielded very different ages of ca. 807 ± 7 Ma [24] and 819 ± 9 Ma [25] . The Late Mesozoic porphyritic/fine-grained biotite granite and granite porphyry have emplaced into the Neoproterozoic granodiorite and Shuangqiaoshan Group metamorphic rocks [3, 4, 6, 21] , and were zircon U-Pb dated to be Late Jurassic to Early Cretaceous (ca. 153-130 Ma) [1, 4, 6, 11] . At Shimensi, both the Neoproterozoic Jiuling granodiorite (locally called the Shimensi granodiorite) and the Late Jurassic-Early Cretaceous granites are exposed (Figure 1b) , with the latter generally accepted to be W-Cu ore-forming ( Figure  2 ). Veinlets-disseminated, breccias and veins (modified after Sun and Chen [26] ). Figure 2 . NE-trending cross-section of the Shimensi deposit, showing the three tungsten ore types: Veinlets-disseminated, breccias and veins (modified after Sun and Chen [26] ).
Sampling and Analytical Methods
Ten representative fresh samples of the Shimensi granodiorite were collected from the adits and drill cores at the Shimensi W-Cu deposit. All the ten samples were analyzed for their whole-rock geochemical compositions, among which three were also analyzed for their zircon U-Pb age, trace element geochemistry and Hf-O isotopes.
This granodiorite is dark gray, medium to coarse-grained and massive. The rocks consist mainly of plagioclase (45-55%), quartz (25-35%) and biotite (15-20%) but no hornblende, as well as minor apatite, zircon and magnetite (Figure 3a-d) . These samples are commonly greisen-and sericite-altered. 
This granodiorite is dark gray, medium to coarse-grained and massive. The rocks consist mainly of plagioclase (45-55%), quartz (25-35%) and biotite (15-20%) but no hornblende, as well as minor apatite, zircon and magnetite (Figure 3a-d) . These samples are commonly greisen-and sericitealtered. showing that biotite is partly muscovite-and chlorite-altered with accessory apatite; (d) Photomicrograph of sample SMS-23, which comprises plagioclase, quartz, biotite and muscovite with accessory zircon. Bi = biotite; Mus = muscovite; Pl = plagioclase; Qz = quartz; Chl = chlorite; Ap = apatite; Mt = magnetite; Zr = zircon.
Whole-Rock Geochemical Analyses
The least altered/weathered representative samples were milled to 200-mesh and then sent to the ALS Laboratory (Guangzhou, China) for major and trace element analyses. Whole-rock major element compositions were determined using X-ray fluorescence (XRF) spectrometry. The samples were mixed with lithium tetraborate and fused (1100 °C for 15 min) inside a platinum crucible into glass discs, which were then analyzed by XRF spectrometry. The analytical precisions were better 
The least altered/weathered representative samples were milled to 200-mesh and then sent to the ALS Laboratory (Guangzhou, China) for major and trace element analyses. Whole-rock major element compositions were determined using X-ray fluorescence (XRF) spectrometry. The samples were mixed with lithium tetraborate and fused (1100 • C for 15 min) inside a platinum crucible into glass discs, which were then analyzed by XRF spectrometry. The analytical precisions were better than ±0.01%, as estimated from repeated analyses of the standards GSR-1 and GSR-3. Trace element concentrations were measured by inductively coupled plasma-mass spectrometry (ICP-MS), using the method introduced by Liang and Grégoire [27] . Approximately 50 mg of powdered sample was dissolved in 1 mL of distilled HF and 1 mL of HNO 3 in a Teflon-lined stainless-steel bomb. The sealed bombs were then placed in an oven and heated to 190 • C for 24 h. After cooling, the bombs were heated on a hot plate and evaporated to dryness. The residue was then re-dissolved by adding HNO 3 , and the bombs were re-sealed and heated at 140 • C for 5 h. The final solutions were transferred into plastic bottles and diluted before the analysis. Two standards (GSR-1, GSR-3) were used to monitor the analytical quality, and the analytical precisions were ≤5% for trace elements.
SHRIMP Zircon U-Pb Dating
Zircon U-Pb geochronology was performed with SHRIMP-II at the Beijing SHRIMP Center of the Chinese Academy of Geological Sciences. Zircons from the rock samples were mounted (epoxy) with the TEMORA (zircon standard sample collection point, a town in the north-east of the Riverina area of New South Wales) zircon standard, and then polished down to half of their thickness to expose their core. The zircon texture and internal structure were studied under the microscope (transmitted-/reflected-light) and cathodoluminescence (CL) imaging. Analysis conditions include 4.5 nA current, 10 kV O 2− beam at a 25 µm spot size. Ratios of the U-Th-Pb isotopes were calibrated relative to the TEMORA zircon ( 206 Pb/ 238 U = 0.0668, corresponding to an age of 417 Ma; [28] ). The absolute U-Th-Pb contents were determined relative to the SL13 zircon standard (U = 238 ppm, corresponding to 572 Ma; [29] ). Procedures of analysis and data processing follow those outlined in Williams [30] . The 204 Pb-method was used to correct the common Pb in the measured Pb isotope compositions. Corrections were negligible and insensitive to how the common Pb composition was chosen, and an average crustal composition [31] that approximates the mineral age was assumed. Data processing was performed with the SQUID 1.03 (an isotope geochronology software) and the Isoplot/Ex2.49 program of Ludwig [32] . Individual analysis uncertainties and the mean ages were reported at 1σ level and 95% confidence level, respectively.
SHRIMP Analysis of Zircon Oxygen Isotopes
The O-isotope analysis was performed on the U-Pb dated spots using SHRIMP II and a multi-collector (with Cs + primary beam) at the Beijing SHRIMP Center. Conditions and procedures of the analysis follow those outlined in Ickert et al. [33] . Individual analysis uncertainties were reported at 1σ level, and corrections for instrumental mass fractionation and detector gains were performed by referencing to the TEMORA zircon standard.
LA-MC-ICP-MS Analysis of Zircon Hf Isotopes
The Hf-isotope analysis was performed on the SHRIMP analyzed zircon spots at the Wuhan Sample Solution Analytical Technology Co. Ltd. (Wuhan, China), using a GeolasPro 193 nm ArF Excimer laser ablation system coupled to a multi-collector (MC)-ICP-MS. Analytical conditions include 44 µm laser beam size, 10 Hz repetition rate and 8 J/cm 2 energy density.
Ratios of Yb and Hf isotopes were normalized, respectively, to 172 Yb/ 173 Yb = 1.35274 and 179 Hf/ 177 Hf = 0.7325 [34] , using an exponential law for mass fractionation. Routine run of the 91,500 zircon standard yielded a weighted mean 176 Hf/ 177 Hf = 0.282306 ± 31 (2σ), consistent with the recommended value (0.282306 ± 10 (2σ); [35] ). The εHf(t) values were calculated by using the decay constant of 1.867 × 10 −11 [35] [36] , and 176 Lu/ 177 Hf = 0.015 for the average crust [37] .
LA-ICP-MS Analysis of Zircon Trace Element Geochemistry
The zircon trace element compositions were measured at the Wuhan Sample Solution Analytical Technology Co. Ltd., using a GeolasPro 193 nm ArF Excimer laser ablation system coupled with an Agilent 7700× Quadrupole ICP-MS (equipped with an ion-counting system). All the analyses were carried out with a 44 µm beam diameter, 5 Hz repetition rate, and 8 J/cm 2 beam energy. Procedures and conditions of the analysis follow those outlined in Liu et al. [38] . NIST SRM-610 was used as an external standard during the analysis session. The offline selection, time-drift correction, background and analytical signal integration, and quantitative trace element calibration were conducted using GLITTER [39] .
Results

Whole-Rock Geochemistry
Geochemical compositions of the Shimensi granodiorite samples are shown in Table 1 The zircon trace element compositions were measured at the Wuhan Sample Solution Analytical Technology Co. Ltd., using a GeolasPro 193 nm ArF Excimer laser ablation system coupled with an Agilent 7700× Quadrupole ICP-MS (equipped with an ion-counting system). All the analyses were carried out with a 44 μm beam diameter, 5 Hz repetition rate, and 8 J/cm 2 beam energy. Procedures and conditions of the analysis follow those outlined in Liu et al. [38] . NIST SRM-610 was used as an external standard during the analysis session. The offline selection, time-drift correction, background and analytical signal integration, and quantitative trace element calibration were conducted using GLITTER [39] .
Results
Whole-Rock Geochemistry
Geochemical compositions of the Shimensi granodiorite samples are shown in Table 1 . The rocks contain 66.4-69.4 wt % SiO2, 13.7-16.2 wt % Al2O3, 1.40-1.92 wt % MgO, 4.14-5.40 wt % Fe2O3 T , and 3.0-5.2 wt % K2O. Loss on ignition (LOI) is below 3 wt % and shows no correlation with mobile element (e.g., K) contents, thus it is assumed that alteration influence on the latter is minimal. The rocks are high-K calc-alkaline and peraluminous, with A/CNK (molar Al2O3/(CaO + Na2O + K2O)) of 1.3-1.9. On the Harker diagrams (Figure 4 ), the TiO2, Fe2O3 T , MgO, CaO, and Al2O3 contents are negatively correlated with SiO2. The samples exhibit similar total rare earth element (REE) contents (129-171 ppm) and consistent REE patterns. In the chondrite-normalized REE diagram (Table 2, Figure 5 ), the granodiorite samples are light REE (LREE) enriched, with mild LREE/HREE fractionation ((La/Yb) N = 6.3-9.2) and slightly negative Eu anomalies (Eu/Eu* = 0.47-0.68; Eu/Eu* = Eu N /(Sm N × Gd N ) 1/2 ; [40] ). In the primitive mantle-normalized multi-element diagram (Figure 6 ), the samples are enriched in large ion lithophile elements (LILEs, e.g., Rb and K) and depleted in high-strength field elements (HFSEs, e.g., Nb, Ta, Zr and Hf) with negative Ba, Nb-Ta and Ti anomalies. The samples exhibit similar total rare earth element (REE) contents (129-171 ppm) and consistent REE patterns. In the chondrite-normalized REE diagram (Table 2, Figure 5 ), the granodiorite samples are light REE (LREE) enriched, with mild LREE/HREE fractionation ((La/Yb) N = 6.3-9.2) and slightly negative Eu anomalies (Eu/Eu* = 0.47-0.68; Eu/Eu* = Eu N /(Sm N × Gd N ) 1/2 ; [40] ). In the primitive mantle-normalized multi-element diagram (Figure 6 ), the samples are enriched in large ion lithophile elements (LILEs, e.g., Rb and K) and depleted in high-strength field elements (HFSEs, e.g., Nb, Ta, Zr and Hf) with negative Ba, Nb-Ta and Ti anomalies. 
Zircon U-Pb Ages
Zircons from the Shimensi granodiorite are colorless and transparent, 50 to 200 µm long with aspect ratios of 1:1-3:1. Under CL imaging, all measured zircons have well-developed oscillatory zoning with no residual cores or metamorphic rims (Figure 7) . The zircons have varying Th contents (16-339 ppm) and low to medium U contents (124-665 ppm), with most Th/U ratios clustering between 0.13-0.73 (Table 3 ). All these textural and geochemical features suggest a magmatic origin for the zircons [42] .
Nine spot analyses on 9 zircons from sample SMS-2 yielded 206 Pb/ 238 U ages of 811 ± 13 Ma to 852 ± 14 Ma and a weighted mean age of 830 ± 13 Ma (MSWD = 1.6, Figure 8 ). The seven analyzed zircons (808 ± 12 Ma to 840 ± 12 Ma) from sample SMS-12 yielded a weighted mean 206 Pb/ 238 U age of 827 ± 10 Ma (MSWD = 1.1; Figure 8 ). The four zircons analyzed (809 ± 15 Ma to 841 ± 15 Ma) from sample SMS-23 yielded a weighted mean 206 Pb/ 238 U age of 828 ± 14 Ma (MSWD = 1.03) (Figure 8) .
Therefore, we suggest that the granodiorite was emplaced during ca. 827 to 830 Ma. 
Zircons from the Shimensi granodiorite are colorless and transparent, 50 to 200 μm long with aspect ratios of 1:1-3:1. Under CL imaging, all measured zircons have well-developed oscillatory zoning with no residual cores or metamorphic rims (Figure 7) . The zircons have varying Th contents (16-339 ppm) and low to medium U contents (124-665 ppm), with most Th/U ratios clustering between 0.13-0.73 (Table 3 ). All these textural and geochemical features suggest a magmatic origin for the zircons [42] .
Zircon Hf-O Isotopes
A total of 15 Hf-O isotope measurements were conducted on 15 zircon grains (Table 4) . Zircon δ 18 O values vary from 5.8‰ to 7.7‰ (mean: 6.8‰) (Figure 9 ). The zircon εHf(t) values vary from −0.87 to 6.60 (mean: 2.98), of which 93% are positive ( Figure 9 ). [6] . Jiuling batholith data are from Zhao et al. [24] , Li et al. [25] , Wang et al. [43] . 
A total of 15 Hf-O isotope measurements were conducted on 15 zircon grains (Table 4) . Zircon δ 18 O values vary from 5.8‰ to 7.7‰ (mean: 6.8‰) (Figure 9 ). The zircon εHf(t) values vary from −0.87 to 6.60 (mean: 2.98), of which 93% are positive ( Figure 9 ). 
A total of 15 Hf-O isotope measurements were conducted on 15 zircon grains (Table 4) . Zircon δ 18 O values vary from 5.8‰ to 7.7‰ (mean: 6.8‰) (Figure 9 ). The zircon εHf(t) values vary from −0.87 to 6.60 (mean: 2.98), of which 93% are positive ( Figure 9 ). [6] . Jiuling batholith data are from Zhao et al. [24] , Li et al. [25] , Wang et al. [43] . [6] . Jiuling batholith data are from Zhao et al. [24] , Li et al. [25] , Wang et al. [43] . 
Zircon Trace Element Compositions
All the zircons analyzed have similar ranges of U and Th concentrations (108 to 1019 ppm and 31 to 1928 ppm, respectively) and Th/U ratios (0.08 to 1.89, mostly <0.6) ( Table 5 ). Tungsten concentration of the zircons ranges from 0 to 14,294 ppm (average 2718 ppm).
Chondrite-normalized zircon REE patterns for all the samples are featured by distinct depletion of LREEs ((La/Yb) N = 0.000002-0.014807), positive Ce and negative Eu anomalies (Eu/Eu* = 0.01-0.13; mean = 0.07) ( Table 5 ; Figure 10 ), typical of igneous origin [44, 45] . Due to the relatively low zircon La and Pr concentrations (Table 5) , and to the susceptibility of contamination by tiny inclusions of minerals or melt [45] , the Ce 4+ /Ce 3+ values (instead of the conventional La-Pr interpolation) were adopted. Ce 4+ /Ce 3+ values of the zircons were calculated using the lattice-strain model proposed by Ballard et al. [46] and Trail et al. [47] (Table 5 ; Figure 10) 
Discussion
Age and Geochemistry of the Shimensi Granodiorite
Prior to this study, there are only two published ages for the Jiuling granodiorite batholith (i.e., 807 ± 7 Ma and 819 ± 9 Ma; [24, 25] ). The three Shimensi granodiorite age data we obtained (830-827 Ma) are coeval (within analytical uncertainty) or slightly older than the previously reported ages of the Jiuling granodiorite. 
Discussion
Age and Geochemistry of the Shimensi Granodiorite
Prior to this study, there are only two published ages for the Jiuling granodiorite batholith (i.e., 807 ± 7 Ma and 819 ± 9 Ma; [24, 25] ). The three Shimensi granodiorite age data we obtained (830-827 Ma) are coeval (within analytical uncertainty) or slightly older than the previously reported ages of the Jiuling granodiorite.
Geochemistry of the Neoproterozoic Shimensi granodiorite is very different from the Mesozoic Shimensi granites. Although both belong to high-K calc-alkaline series, the Neoproterozoic granodiorite is considerably less fractionated (SiO 2 < 70 wt %), and contains higher MgO (>0.75 wt %), Fe 2 O 3 T (>4 wt %) and TiO 2 (>0.5 wt %) than the Mesozoic intrusions. Many Neoproterozoic Shimensi granodiorite samples are also more peraluminous than the Mesozoic Shimensi granites (Figure 11 ). In terms of zircon trace element compositions, those of the Neoproterozoic granodiorite contain similar Ce/Ce* but lower Eu/Eu* than their Mesozoic granite counterparts ( Figure 12 ). This indicates that the Neoproterozoic granodiorite is less fractionated than the Mesozoic granites, and that both rock types were formed under similar reducing conditions. In the whole-rock chondrite-normalized REE diagram, the Neoproterozoic granodiorite is less fractionated ((La/Yb) N < 9.2) and contains higher total REE contents (>129 ppm) than the Mesozoic granites ( Figure 5 ). In the primitive mantle-normalized multi-element diagram, the Neoproterozoic granodiorite is more enriched in HFSEs (e.g., Ti, Dy, Y, Ho, Yb and Lu), and with less distinctive negative Sr anomaly than the Mesozoic granites ( Figure 6 ). Although strongly peraluminous, as indicated by the presence of biotite and cordierite and by the A/NK vs. A/CNK diagram (Figure 11 ), the Neoproterozoic granodiorite samples do not show an S-type trend in the P 2 O 5 vs. SiO 2 diagram (Figure 4f ). In fact, I-type granites can also be peraluminous [48] . In the zircon chondrite-normalized REE diagrams (Figures 6 and 13) , the Neoproterozoic granodiorite contains lower REE contents than the Mesozoic Shimensi granites and the average granitoid, but similar REE contents (and higher Eu/Eu*) than the average dolerite [49] . The Neoproterozoic granodiorite datapoints also fall inside/close to the average dolerite field in Figure 12 . This suggests that the granodiorite was likely derived from a doleritic source rock, and is thus most likely I-type. The facts that the granodiorite lacks inherited zircons ( Figure 7 ; Table 3) , and contains relatively low zircon δ 18 O (5.8-7.7‰; mean: 6.8‰), and mostly (93%) positive zircon εHf(t) values, all demonstrate its peraluminous I-type affinity. Geochemistry of the Neoproterozoic Shimensi granodiorite is very different from the Mesozoic Shimensi granites. Although both belong to high-K calc-alkaline series, the Neoproterozoic granodiorite is considerably less fractionated (SiO2 < 70 wt %), and contains higher MgO (>0.75 wt %), Fe2O3 T (>4 wt %) and TiO2 (>0.5 wt %) than the Mesozoic intrusions. Many Neoproterozoic Shimensi granodiorite samples are also more peraluminous than the Mesozoic Shimensi granites (Figure 11 ). In terms of zircon trace element compositions, those of the Neoproterozoic granodiorite contain similar Ce/Ce* but lower Eu/Eu* than their Mesozoic granite counterparts (Figure 12 ). This indicates that the Neoproterozoic granodiorite is less fractionated than the Mesozoic granites, and that both rock types were formed under similar reducing conditions. In the whole-rock chondritenormalized REE diagram, the Neoproterozoic granodiorite is less fractionated ((La/Yb)N < 9.2) and contains higher total REE contents (>129 ppm) than the Mesozoic granites ( Figure 5 ). In the primitive mantle-normalized multi-element diagram, the Neoproterozoic granodiorite is more enriched in HFSEs (e.g., Ti, Dy, Y, Ho, Yb and Lu), and with less distinctive negative Sr anomaly than the Mesozoic granites ( Figure 6 ).
Although strongly peraluminous, as indicated by the presence of biotite and cordierite and by the A/NK vs. A/CNK diagram (Figure 11 ), the Neoproterozoic granodiorite samples do not show an S-type trend in the P2O5 vs. SiO2 diagram (Figure 4f ). In fact, I-type granites can also be peraluminous [48] . In the zircon chondrite-normalized REE diagrams (Figures 6 and 13) , the Neoproterozoic granodiorite contains lower REE contents than the Mesozoic Shimensi granites and the average granitoid, but similar REE contents (and higher Eu/Eu*) than the average dolerite [49] . The Neoproterozoic granodiorite datapoints also fall inside/close to the average dolerite field in Figure  12 . This suggests that the granodiorite was likely derived from a doleritic source rock, and is thus most likely I-type. The facts that the granodiorite lacks inherited zircons ( Figure 7 ; Table 3 ), and contains relatively low zircon δ 18 O (5.8-7.7‰; mean: 6.8‰), and mostly (93%) positive zircon εHf(t) values, all demonstrate its peraluminous I-type affinity. [6] . Data of the zircons from different igneous rock types are from [49] . Figure 13 . Chondrite-normalized averaged zircon REE patterns for the Shimensi granodiorite. Data of the ore-related Mesozoic Shimensi granites are from Wei et al. [6] . Data of the zircons from different igneous rock types are from [49] .
Petrogenesis and Metallogenic Implications of the Shimensi Granodiorite
In the Jiangnan Orogen, the Shimensi granodiorite (830-827 Ma) was formed after the continental arc-type Jianxichong volcano-sedimentary rocks (845-835 Ma; [50] ), and before the postcollisional S-type granites in the region (825-815 Ma; [51] ). Therefore, we propose that the Shimensi granodiorite was formed in a collisional/early post collisional setting, as also supported by various [6] . Data of the zircons from different igneous rock types are from [49] . 
In the Jiangnan Orogen, the Shimensi granodiorite (830-827 Ma) was formed after the continental arc-type Jianxichong volcano-sedimentary rocks (845-835 Ma; [50] ), and before the postcollisional S-type granites in the region (825-815 Ma; [51] ). Therefore, we propose that the Shimensi granodiorite was formed in a collisional/early post collisional setting, as also supported by various Figure 13 . Chondrite-normalized averaged zircon REE patterns for the Shimensi granodiorite. Data of the ore-related Mesozoic Shimensi granites are from Wei et al. [6] . Data of the zircons from different igneous rock types are from [49] .
In the Jiangnan Orogen, the Shimensi granodiorite (830-827 Ma) was formed after the continental arc-type Jianxichong volcano-sedimentary rocks (845-835 Ma; [50] ), and before the post-collisional S-type granites in the region (825-815 Ma; [51] ). Therefore, we propose that the Shimensi granodiorite was formed in a collisional/early post collisional setting, as also supported by various tectonic discrimination diagrams (Figure 14) . The δ 18 O increase from the Shimensi granodiorite (5.8-7.7‰) to the younger (819-807 Ma) granodiorite (6.0-8.5‰) in the Jiuling batholith shows an increase of supracrustal rock-derived melts with the progress of collision (Figure 9 ). tectonic discrimination diagrams (Figure 14) . The δ 18 O increase from the Shimensi granodiorite (5.8-7.7‰) to the younger (819-807 Ma) granodiorite (6.0-8.5‰) in the Jiuling batholith shows an increase of supracrustal rock-derived melts with the progress of collision (Figure 9 ). At Shimensi, the Neoproterozoic granitoids contain comparable Ce 4+ /Ce 3+ and Eu/Eu* values with their Mesozoic counterparts, which are much lower than those of typical porphyry Cu oreforming intrusions in South China (Figure 15 ). This shows that the Neoproterozoic Shimensi granodioritic magma is probably too reduced to generate any significant porphyry Cu mineralization. This is consistent with the fact that no ca. 830 to 827 Ma Cu deposits were discovered in the region. In fact, all the Neoproterozoic Cu-Au deposits discovered in the eastern Jiangnan Orogen are much older (1.01-0.98 Ga), and are VMS-type hosted in mafic volcanic rocks [20] . We propose that the lack of porphyry Cu mineralization may have left a high background Cu content (avg. 196 ppm, cf. 80 ppm for the Mesozoic unaltered/unmineralized Shimensi granites) in the Neoproterozoic Shimensi granodiorite, which contributed to the Mesozoic Shimensi W-Cu mineralization while the granodiorite was intruded and assimilated. The assimilation is clearly evidenced by the occurrence of Proterozoic inherited zircons (827 Ma, 829 Ma and 833 Ma) in the Mesozoic Shimensi granites [6] , which are closely coeval with the Neoproterozoic granodiorite. Nevertheless, whether (and how much of) the Cu in the granodiorite contributed to the Mesozoic WCu mineralization at Shimensi will require further investigation. [6] . Data source of major porphyry Cu deposits in South China: Dexing [53] , Shaxi [54] , Dabaoshan [55] . At Shimensi, the Neoproterozoic granitoids contain comparable Ce 4+ /Ce 3+ and Eu/Eu* values with their Mesozoic counterparts, which are much lower than those of typical porphyry Cu ore-forming intrusions in South China (Figure 15 ). This shows that the Neoproterozoic Shimensi granodioritic magma is probably too reduced to generate any significant porphyry Cu mineralization. This is consistent with the fact that no ca. 830 to 827 Ma Cu deposits were discovered in the region. In fact, all the Neoproterozoic Cu-Au deposits discovered in the eastern Jiangnan Orogen are much older (1.01-0.98 Ga), and are VMS-type hosted in mafic volcanic rocks [20] . We propose that the lack of porphyry Cu mineralization may have left a high background Cu content (avg. 196 ppm, cf. 80 ppm for the Mesozoic unaltered/unmineralized Shimensi granites) in the Neoproterozoic Shimensi granodiorite, which contributed to the Mesozoic Shimensi W-Cu mineralization while the granodiorite was intruded and assimilated. The assimilation is clearly evidenced by the occurrence of Proterozoic inherited zircons (827 Ma, 829 Ma and 833 Ma) in the Mesozoic Shimensi granites [6] , which are closely coeval with the Neoproterozoic granodiorite. Nevertheless, whether (and how much of) the Cu in the granodiorite contributed to the Mesozoic W-Cu mineralization at Shimensi will require further investigation. At Shimensi, the Neoproterozoic granitoids contain comparable Ce 4+ /Ce 3+ and Eu/Eu* values with their Mesozoic counterparts, which are much lower than those of typical porphyry Cu oreforming intrusions in South China (Figure 15 ). This shows that the Neoproterozoic Shimensi granodioritic magma is probably too reduced to generate any significant porphyry Cu mineralization. This is consistent with the fact that no ca. 830 to 827 Ma Cu deposits were discovered in the region. In fact, all the Neoproterozoic Cu-Au deposits discovered in the eastern Jiangnan Orogen are much older (1.01-0.98 Ga), and are VMS-type hosted in mafic volcanic rocks [20] . We propose that the lack of porphyry Cu mineralization may have left a high background Cu content (avg. 196 ppm, cf. 80 ppm for the Mesozoic unaltered/unmineralized Shimensi granites) in the Neoproterozoic Shimensi granodiorite, which contributed to the Mesozoic Shimensi W-Cu mineralization while the granodiorite was intruded and assimilated. The assimilation is clearly evidenced by the occurrence of Proterozoic inherited zircons (827 Ma, 829 Ma and 833 Ma) in the Mesozoic Shimensi granites [6] , which are closely coeval with the Neoproterozoic granodiorite. Nevertheless, whether (and how much of) the Cu in the granodiorite contributed to the Mesozoic WCu mineralization at Shimensi will require further investigation. [6] . Data source of major porphyry Cu deposits in South China: Dexing [53] , Shaxi [54] , Dabaoshan [55] . [6] . Data source of major porphyry Cu deposits in South China: Dexing [53] , Shaxi [54] , Dabaoshan [55] .
Conclusions
In this study, it is found that granodioritic magmatism in the Shimensi area may have commenced around or slightly earlier than many other places in the Jiuling batholith. Whether this represents two separated magmatic phas or one long continuous magmatism is still unknown. The Shimensi granodiorite is best classified as peraluminous I-type formed in a collisional/early post-collisional setting. The lower zircon δ 18 O in the Shimensi granodiorite than many younger granodiorites in the Jiuling batholith shows an increase of supracrustal rock-derived melts with the collision progressed. The low Ce 4+ /Ce 3+ and Eu/Eu* values of the Shimensi granodiorite suggested a relatively reduced formation environment, which did not favor porphyry-related Cu-Au mineralization and left a high background Cu concentration in the granodiorite. Whether this high Cu background had contributed to the Mesozoic W-Cu mineralization when the granodiorite was intruded and partially assimilated will require further investigation.
